The diffuse scattering spectra originated from both short range order and local atomic displacements for a binary alloy in a two dimensional square lattice are calculated within the realm of Continuous Displacement Cluster Variation Method (CDCVM). The key ingredient of the present scheme is to regard a displaced atom as a distinguished species and to reduce the displacement spectrum to the Short Range Order Diffuse Intensity (SROI) for a multicomponent alloy. The peak of the diffuse intensity appears at the wave vector (1/2, 1/2). By comparing with the SROI calculated by the conventional Cluster Variation Method (CVM), it is realized that the majority of the intensity originates from the contribution of short range order configurational fluctuation. The topology of the intensity distribution of the present result is similar to that derived by the conventional CVM, however the magnitude of the peak intensity differs. This is due to the fact that the directionalily of the atomic displacement is averaged out and is renormalized in the present calculation.
Introduction
The Cluster Variation Method (CVM) 1) has been extensively employed to investigate phase equilibria of a given alloy system. It has been also proved that CVM is a powerful means to study fluctuation in an alloy. In fact, Short Range Order Diffuse Intensity (hereafter SROI) originating from configurational fluctuation has been investigated by one of the present authors (T.M.) [2] [3] [4] and the significant improvement over Krivoglaz-Clapp-Moss (KCM) type calculation 5, 6) has been demonstrated in the resultant spectrum. This is originating from the fact that the wide range of atomic correlations explicitly considered in the CVM free energy functional provides more precise information of multisite correlations.
Another important component of fluctuation spectrum in an alloy is due to the displacement of atoms from a rigid lattice point. This is experimentally measured by extracting other major components such as SROI, thermal diffuse scattering, Huang scattering and Compton scattering, from total diffuse intensity, and the asymmetric feature of distribution conveys the information of the average displacement of atomic pairs. In order to carry out a full theoretical calculation, the knowledge of atomic displacements in a given lattice is indispensable. The recent development of Continuous Displacement Cluster Variation Method (CDCVM) [7] [8] [9] is a promising theoretical tool to provide detailed distributions of atomic displacement in the equilibrium state. In fact, for a binary alloy system with Lennard-Jones potential in a two dimensional square lattice, the CDCVM calculation was performed and it has been reported [7] [8] [9] [10] that the resultant phase diagram is significantly different from the one obtained by the conventional CVM in which atoms are confined on a rigid lattice. The relaxation of atomic position from a rigid lattice point reduces the internal energy of the disordered solid solution significantly, which shifts the phase boundary down to a lower temperature.
The key procedure of the CDCVM is to prepare a finite set of reference lattice points around a rigid lattice point, and atoms are allowed to relax to one of the reference lattice points. The unique to CDCVM is to regard an atom displaced from a rigid lattice point as a different species. When we include K reference lattice points for a L-component system, the system is regarded as a {(K + 1) × L}-component alloy system. The distribution of the atomic displacement of the L-component system is, therefore, tacitly treated within the configurational thermodynamics of {(K +1)× L}-component system on the Bravais lattice.
The main objective of the present study is to examine the reproducibility of diffuse intensity originating from displacements for a L-component system by that due to SROI for a {(K + 1) × L}-component system. The organization of the present paper is as follows. In the next section, the theoretical background is briefly summarized, and the calculated results are demonstrated and discussed in the third section followed by the summary in the last section.
Theoretical Background

Continuous displacement cluster variation method
for a square lattice Since the basic theories of CDCVM have been amply described by Kikuchi et al. [7] [8] [9] and an extension to two dimensional square lattice has been reported by our previous report, 10) only essential points necessary for the present study are summarized. The key procedure is to introduce reference lattice points to each rigid lattice point on a square lattice as shown in Fig. 1 and an atom can be displaced to a reference lattice point located at r away from a rigid lattice point. The appropriate value of the magnitude of r may be determined by atomic interactions. In the present study, |r| is assumed to be 0.1|a| where a is the lattice constant of the square lattice. The probability of finding an i atom in a volume element d r at a reference lattice point is defined as f i (r)d r. Likewise, g ij (r 1 , r 2 )d r 1 d r 2 is defined as the probability of finding a pair of atoms i and j in a volume element d r 1 and d r 2 , respec- tively, around a reference lattice point located at r 1 and r 2 . Two conditions 1) which impose constraints on configurational variables in the conventional CVM can be directly extended to CDCVM. One is the geometrical relationship and the point probability function is reduced from the pair probability function as
The second one is the normalization conditions which are written as
In the present study, the integrals in eqs. (1) and (2) are replaced by the summations over the rigid lattice point and the four reference lattice points in Fig. 1 . In the CDCVM, additional symmetry constraints of the square lattice are imposed on the probability functions, which are written as
and
where R, R 1 (and R 2 ) are symmetry operators reflecting 90
• rotational symmetry and mirror symmetry, respectively, of the square lattice. The internal energy, E, for the present alloy which consists of N atoms is written [7] [8] [9] [10] as
where ω is a coordination number (ω = 4 for the present square lattice) and e ij (r 1 , r 2 ) is a pair interaction energy. It should be noted that the superscript n.n. means that the interatomic interaction is limited to the nearest neighbor pair.
In the present study, the Lennard-Jones type potential 11, 12) is assumed for the pair interaction energy e ij (r 1 , r 2 ),
where e interatomic distance between i and j atoms, namely,
Note that the interatomic distance r should not be confused with the displacement vector r defined in Fig. 1 . The entropy expressed within the pair approximation is written [7] [8] [9] [10] as
where k B is the Boltzman constant. It is noted that this is a simple extension of the entropy formula defined on a discrete lattice to a continuous lattice in which probabilities of finding atoms and atomic clusters are defined by continuous functions over a space. The above expressions for the internal energy E and the entropy S are those for the disordered phase. For the present study, we investigate the phase equilibrium between the disordered phase and the ordered phase of which configuration at 1:1 stoichiometric composition at the ground state is demonstrated in the insert in Fig. 2 . The above formulae of the internal energy and the entropy for a disordered phase are directly extended to those for the ordered phase.
10)
Diffuse scattering intensity
As was briefly implied in the introduction, the essential ingredient of the present calculation is to calculate the diffuse intensity originating from atomic displacements within the framework of short range order diffuse intensity theory on a rigid lattice point for a multicomponent alloy. In the present lattice, both A and B atoms can be located at either a rigid lattice point or one of four reference lattice points. Hence, the diffuse intensity originating from atomic displacement is dealt as a SROI of a ten-component ((4 + 1) × 2) system on a rigid lattice. It is noted that pure SROI contribution of a bi-nary alloy is automatically taken into account by the present scheme.
In general, an atomic configuration on a rigid lattice can be expressed either by cluster probabilities or correlation functions. For instance, the point cluster probability, x i , is the probability of finding i-th species on a given lattice point and is deduced in the δ-function-like limit of f i (r) introduced in eq. (1). Likewise, the pair probability, y ij , is defined as the probability of finding i-j pair and is deduced from g ij (r 1 , r 2 ). It is readily recognized that these cluster probabilities, x i and y ij , are not mutually independent but are interrelated through geometrical and normalization conditions as was mentioned in eqs. (1) and (2) for f i (r) and g ij (r 1 , r 2 ) . On the other hand, it has been proved that the correlation functions, {ξ i }, constitute a set of independent configuration variables. This is because correlation functions span orthonormal basis in a thermodynamic configuration space.
13) It can be proved that the cluster probabilities and a set of correlation functions, {ξ i }, are related by a liner transformation, are point and pair correlation functions, respectively, and V ik (V jk ) has been termed Vmatrix. 14, 15) Generally, fluctuation spectrum is studied by the response of a system to an external inhomogeneous field. The inhomogeneous field for the present case is the site-dependent effective chemical potential (staggered chemical potential) µ j P which is a conjugate variable of the point correlation function ξ j 1 ( p) at a lattice point p. With the staggered chemical potentials, the multisite correlation function σ
p n for a multicomponent system is defined similarly with those for a binary alloy 16) as
where Z is the partition function. It is noted that the spin variable, σ p , takes a specified value for each species and the superscript j of σ j p is the exponent which runs from 0 to 9. Then, the pair correlations can be written as
For a binary alloy, it has been known that the Fourier transformation of the pair correlations (left hand side of eq. (12)) provides the SROI. In the present study, we extended it to the ten-component alloy to yield
where (13) for a multicomponent system is carried out with multiplying V-matrix elements which reduces to unity for a binary alloy. The second equality to eq. (14) is due to the fact that the staggered chemical potential is a conjugate variable of the site dependent point correlation function which constitute the free energy functional. Figure 2 shows the phase diagrams calculated by minimizing the free energies with the Lennard-Jones potentials for which the Lennard-Jones parameters are listed in Table 1 . In the table, ordering tendency is implied by the deepest potential for the unlike pair. And it is also realized that the equilibrium lattice constant of B metal is larger than that of A metal. Two boundaries in Fig. 2 are the results of conventional CVM and CDCVM. It is confirmed that the order-disorder transition is of the second-order for both conventional CVM and CDCVM by a single phase boundary without a two-phase region. However, the order-disorder transition temperature calculated by the CDCVM shifts significantly downward to the lower temperature due to the stabilization of the disordered phase induced by the local atomic relaxation effects. 10) Figure 3(a) shows the calculated diffuse intensity spectrum in the present study at 1:1 stoichiometry at a normalized temperature T /T c = 1.1 where T c is the order-disorder transition temperature. For comparison, the SROI distribution derived by the conventional CVM is shown in Fig. 3(b) , and the diffuse intensity originated from both the short range order and the local atomic displacement is demonstrated in Fig.  3(c) . 10, 17) In Fig. 3(c) , the contribution of the local atomic dis- Table 1 Lennard-Jones parameters employed in the present study. placement is estimated by feeding the information of atomic displacements obtained by CDCVM calculation to a conventional intensity formula 18) and the resultant spectrum is superimposed on SROI given in Fig. 3(b) .
Results and Discussion
One can see that the wave vector corresponding to the sharp peak of the diffuse intensity is located at (1/2, 1/2) in all the three results. This is due to the contribution of pure SROI of the original binary system, and this particular wave vector (1/2, 1/2) indicates an ordering wave which propagates along [11] direction with a wave length of √ 2|a|. An excitation and an amplification of this concentration wave yield the ordered phase demonstrated in Fig. 2 .
The distributions of the diffuse scattering intensity along [11] direction for the three cases (a), (b) and (c) in Fig. 3 are further compared in Fig. 4 . It is realized that the distribution of the diffuse scattering intensity is slightly distorted in Fig. 3(c) , which is ascribed to the pure contribution of local atomic displacements. The detailed discussions are found in the authors' previous paper. 10, 17) However, the difference in the intensity distribution between Figs. 3(a) and (b) is not perceptible, although the strength of the peak intensity is obviously different between them. This is due to the fact that, in the present calculation, displaced atoms are regarded as different species on a rigid lattice and Fourier component due to displacement is averaged out. Hence, in the present distribution shown in Fig. 3(a) , contribution of displacement is effectively renormalized in the SROI.
Conclusion
The fluctuation spectrum due to both the short range order and the local atomic displacement for a binary ordering system in a two dimensional square lattice is formulated and calculated within the CDCVM. The essential ingredient is to regard a displaced atom as a distinguished species on a rigid lattice, and the displacement fluctuation of a binary system is reduced to the configurational fluctuation of a multicomponent system.
The sharp peak of the diffuse intensity is realized at the wave vector (1/2, 1/2), which is the same result as SROI calculated by the conventional CVM. And this particular wave vector (1/2, 1/2) represents an ordering wave which yields an underlying ordered phase in the low temperature. It is realized that the magnitude of the peak intensity of the present result is different from that of the pure contribution of SROI. In order to fully reproduce the displacement contribution, the development of an efficient formalism to incorporate the directionality is required. This remains as a future subject.
